Introduction
The bend loss properties of single-mode fibre have been studied very intensively [1, 2] along with applications such as a fibre filter based on the bend loss phenomenon utilized as an edge filter for wavelength measurements [3] . A significant amount of effort has been expended by researchers on the use of the bend loss properties of single-mode fibre for temperature measurements. One method is based on interferometry [4] where the temperature sensitivity arises from the thermo-optic and thermal expansion sensitivity of the buffer coating leading to interference between the whispering gallery (WG) modes and the core mode. This method requires the determination of phase information at different wavelengths to extract the temperature information. High temperature sensing using WG mode resonance in bent fibres is also reported [5] , which involves measuring the resonance wavelength peak shift with temperature. Both approaches lack a direct linear relation between bend loss and temperature and the need for phase measurements makes the system complex.
Another common and widely used fibre sensor for temperature and strain measurements are the fibre Bragg grating (FBG) sensors [6, 7] . In the case of fibre Bragg gratings, the temperature resolution of the sensor depends on the type of interrogation technique used to covert the wavelength shift information into temperature information. Highly expensive interferometric techniques are required to resolve sub-degree temperature and this makes the entire system less cost effective [8] . The improvements in the fabrication of FBGs have reduced the cost of grating fabrication, so that the interrogation unit, rather than the sensor, accounts for a large proportion of the cost of a complete sensing system. The work presented in this paper describes the development of a complete sensor system consisting of the sensor head and the interrogation system, which is cost effective and simple in nature when compared to other fibre sensor systems.
We have recently demonstrated the possibility of using a macro-bend fibre as a temperature sensor [9] . A bend sensitive buffer stripped single mode fibre with a suitable absorption coating is employed in a ratiometric scheme for temperature measurements.
The removal of the buffer coating eliminates the effect of the two different thermo-optic coefficients (TOC) of the buffer and the cladding and the use of an appropriate absorption layer results in a monotonic increase in bend loss with a decrease in the bending radius which is equivalent to the behaviour of a core-infinite cladding structure [10] . This paper is focussed on a detailed analysis of the impact of the coating on the temperature response and on the utilization of the macro-bend based temperature sensor for engineering applications. The sensor head is packaged in a low thermal expansion coefficient two-part epoxy for mechanical stability. The developed temperature sensor can be directly attached to any structure for temperature measurements. A complete calibration of the sensor system taking account of the temperature response of the packaged sensor, temperature resolution and the stress and strain induced temperature errors are presented in this paper. In section 3, the impact of the absorption coating on the temperature response is presented, while in section 4 a performance evaluation of the packaged sensor is discussed. A portable prototype of the sensor system is also demonstrated and is presented in section 5 of this paper.
Background
The temperature sensitive sensor head consists of a buffer stripped bend-sensitive singlemode fibre arranged in a loop with an absorption layer applied to the cladding as shown in Fig. 1(a) . The absorption layer should be chosen to absorb light at the wavelength of operation, suppressing the WG modes inherent in a bent single-mode fibre and reducing the reflections back from the air-cladding boundary. By eliminating the WG modes, the bend loss variation with temperature at a fixed wavelength and loop bend radius depends only on the thermo-optic coefficients of the cladding and core [11] .
By removing the buffer coating from the sensor head, the only negative TOC material is removed and the sensor head consists of only positive TOC materials; the cladding and core, which are made of silica material. For the silica core and cladding the thermally induced effective change in refractive index is linear in nature, resulting in a linear variation of bend loss with temperature. Furthermore, there is a monotonic increase in bend loss with a decrease in the bend radius and with an increase in the wavelength [11] .
Thus the temperature sensitivity of the sensor can be varied by changing the bend radius or the operating wavelength.
The temperature information is extracted using a simple ratiometric power measurement system which measures a ratio which is independent of source power variations resulting in a more stable and accurate system. The input signal from the source splits into two equal power signals, one goes to the fibre sensor and the other one is the reference signal as shown in Fig. 1(b) . Two photodiodes plus associated electronics are used to measure the power at the outputs of the corresponding arms. By measuring the power ratio of the two signals, which is a function of temperature, temperature can be measured, assuming the system is properly calibrated.
Temperature response of the sensor
The fibre used in the experimental investigation was a 1060XP single-mode fibre which has a high bend loss in the wavelength region circa 1550 nm and gives an excellent bend loss response with wavelength as we reported earlier [12] . To fabricate the macro-bend fibre temperature sensor the buffer coating is stripped from the middle section of a length of the fibre and an absorption layer is applied to the stripped section. The absorption coatings used in this investigation are readily available coatings such as permanent marker ink, Indian ink and black matt paint. The absorption properties of the materials are firstly studied at room temperature. The coating materials are coated on a glass plate (micro slide) and absorption spectra of the materials are measured using an absorption spectrometer (Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer) for a wavelength range of 400 -1700 nm with an interval of 1 nm. The measured transmission spectra of the coating materials are shown in Fig 2(a) . From the Fig. 2 From Fig. 3 (a) it can be seen that the sensor head coated with Indian ink has a temperature response closest to a linear spectrum. Fig. 3 (a) indicates that the radiation modes are not efficiently suppressed in bent fibres coated with black matt paint and the permanent marker ink and almost a complete suppression of the WG effect is required for the bend loss phenomenon to be used for temperature sensing. In the case of fibre coated with Indian ink, since the WG modes effect is eliminated completely, the macro-bend fibre gives a linear variation of bend loss with temperature and can be used as a temperature sensor. The temperature sensitivity of the sensor can be improved by using a fibre loop of smaller radius. In Fig. 3(b) a comparison of measured ratio versus temperature response of sensors with a bend radius of 11.5 mm and 12.5 mm is shown. It is clear from the figure that temperature sensitivity is substantially increased by reducing the bend radius. Thus based on the required temperature sensitivity different fibre loop radii can be used.
Performance evaluation of the packaged sensor
Since the sensor head is made of fragile single-mode fibre, suitable packaging is required for the sensor to be used in most applications. The sensor head selected for packaging is the one with 11.5 mm bend radius due to its high temperature sensitivity. The sections presented below explain the packaging method, temperature response and resolution of the packaged sensor. The effect of stress and strain on the packaged sensor is also discussed. 
Packaging of the sensor head

Temperature response and resolution of the packaged sensor
To study the temperature response of the packaged sensor, the experimental setup used was the same as that for the unpackaged sensor head. The packaged sensor is fixed to a
Peltier cooler and the temperature is varied from 0 0 C to 80 0 C, at an interval of 2 0 C. A 2 minute time interval is allowed in between each measurements, so that the Peltier cooler can attain temperature stability. The laser source used was a tunable laser Nettest 1560.
The ratio vs. wavelength response of the packaged sensor is also obtained, and from Fig.   5 (a) it can be seen that the ratio increases with wavelength monotonically. This indicates that at higher wavelengths, the bend loss is higher and since the temperature dependent loss of the bent fibre is proportional to the bend loss [11] , the temperature sensitivity of the sensor will be higher at longer wavelengths. To underpin the ease of fabrication and to show the repeatability of the response of the sensor, a comparison of the ratio response of the sensor versus wavelength and temperature, before and after packaging is also presented in Fig. 5(a) and Fig. 5(b) respectively. From the figure it is clear that both the responses before and after packaging are very close and show very similar characteristics.
The slight difference is due to the difference in the thermal expansion coefficient values of the silica material and the epoxy which could induce pressure on the sensor as the temperature increases. However this will not affect the accuracy of temperature measurement of the packaged sensor as the sensor is calibrated after packaging.
To study the wavelength dependent temperature sensitivity of the packaged sensor, the temperature response of the sensor is measured at three different wavelengths, 1530 nm, 
Effect of stress and strain on the temperature sensor accuracy
It is well known that stress and strain applied to a bent fibre vary the bend loss and hence the ratio of the system will be affected and as a result errors will be induced in temperature measurements. Therefore it is necessary to carry out stress and strain study of the packaged fibre temperature sensor to estimate the stress and strain induced error in temperature measurements. To study the impact of stress on the sensor, the packaged sensor is placed between two solid metallic blocks to allow a stable application of a load as shown in Fig. 7(a) . A load cell (SLB 250), which is placed in between the load applicator and the metallic block is used to measure the applied load. The output of the load cell is measured using a load cell data acquisition module SCC-SG24 combined with a data acquisition card PXI6221 from National Instruments. The system was programmed using LabVIEW 8.0 to obtain the applied load. The load was varied from 0 to 10 N with an interval of 1 N and the ratio of the system is recorded for each load at wavelengths 1530 nm, 1550 nm and 1570 nm. The measured ratio variation for all the three wavelengths as load increases is shown in Fig. 8(a) . The data were obtained at a room could arise from the lateral load applied to the packaged sensor is shown in Fig. 8(b) .
From the figure it is clear that, the impact of load on the packaged sensor is not substantial, however since the ratio-stress response is linear, a correction can be applied to the temperature response and accurate temperature measurement is possible using the macro-bend temperature sensor for fixed load conditions.
For the packaged sensor, strain may originate due to bending of the packaged sensor or due to other deformations. It is very difficult to estimate the impact of local strain originating from the minor deformations, however due to the rigid and high compressive strength capability of the packaging material this phenomenon can be mitigated to some extent. In this study the focus is on a general estimation of strain influence when the packaged sensor experiences a uniform bending. To estimate the influence of strain on the temperature measurements of the packaged sensor, a 5 mm strain gauge is attached at the centre of the packaged sensor. One of the diagonally opposite ends of the packaged sensor with respect to the attached strain gauge is fixed to a solid surface and the load is applied to the other diagonally opposite end of the packaged sensor at a point 5 mm from the border as shown in Fig. 7(b) . The strain at the centre of the sensor is measured using the attached strain gauge. It is assumed that the strain experienced at other areas of the packaged sensor is proportional to the strain at the centre of the sensor. However due to the minor differences in the thickness at different parts of the packaged sensor, there could be a small non-uniformity in the strain distribution. In this study our main focus is on the behavior of the ratio variation with strain, rather than an accurate strain mapping of the surface of the packaged sensor. To read the data from the strain gauge, a strain gauge module SCC-SG03 combined with a data acquisition card PXI6221 from National Instruments is used. The power ratio of the sensor system at wavelengths 1530 nm, 1550 nm and 1570 nm is measured up to a strain level of 500 µε at intervals of 50 µε. The measured ratio variation of the sensor system at all the three wavelengths due to the applied strain is shown in Fig. 9(a) . From the figure it is clear that ratio variation shows a linear behavior with applied strain. The estimated temperature error due to the applied strain is presented in Fig. 9(b) . The strain induced errors of the temperature sensing system with the present experimental condition are approximately 0.03 0 C/10µε, 0.03 0 C/10µε and 0.02 0 C/10µε respectively for 1530 nm, 1550 nm and 1570 nm. Thus from the studies on the impact of stress and strain on the packaged sensor, it is clear that the ratio shows a linear variation with stress and strain, and is not significantly high. If the fixed load and static strain is known, correction to the temperature response is possible due to the linear nature of the stress and strain response of the temperature sensor head.
A portable prototype temperature sensor and interrogation system
To demonstrate the simplicity of the sensor head and the interrogation system and also the ease of the development of the sensing interrogation system, a portable prototype of the temperature sensing system is constructed. The portable temperature sensing system is designed for a wavelength of operation at 1550 nm due to the availability of low cost single wavelength laser diodes at that wavelength. The laser used was a fibre pigtailed diode laser (LPS-1550-FC, Thorlabs) with a 1 mW maximum output power, which is driven by a constant power laser driver current unit (LD100, Thorlabs). The system is implemented as a ratiometric scheme, where the input power from the laser is split into two using a 3 dB coupler, one part of the signal is directed to the photo detector through the temperature sensor, while the other acts as a reference arm, which is connected directly to a second photo detector. The photo detectors used were InGaAs fibre optic photo detectors (D400FC) from Thorlabs. The outputs from the photo detectors are connected to a USB data acquisition card (USB 6009) from National Instruments. The whole system is connected to a laptop computer via a USB cable and is interfaced using LabVIEW Software from National Instruments. The sensor is calibrated for a temperature range of 0-80 0 C and the calibration data is fed into the control program, which is then used to compare the measured data to obtain the real time temperature information. The developed prototype of the portable sensing system is shown in Fig. 10 . Thus in this section we have shown that a macro-bend fibre based temperature sensors at its ratiometric intensity based interrogation system can be built with readily available low cost components and hence it is a viable and low cost solution that can be adapted for many engineering applications where point temperature measurements are required.
Conclusion
An epoxy packaged surface mountable fibre temperature sensor for engineering applications is demonstrated in this paper. From the studies on the influence of the absorption coating on the linearity of the temperature response of the sensor it is concluded that a complete absorption of radiation modes is necessary for a macro-bend fibre to be used as a temperature sensor. The temperature response of the sensor head is 
